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PENDRIN IS A MEMBER OF THE SLC26 family of sodium-independent anion exchangers encoded by the SLC26A4 gene whose mutations cause Pendred syndrome (OMIM 274600), an autosomal recessive disease characterized by deafness and goiter (13, 28) . Pendrin is known to function as a multifunctional Cl Ϫ /I Ϫ , Cl Ϫ /formate, Cl Ϫ /OH Ϫ , and Cl Ϫ /HCO 3 Ϫ reversible exchanger (35, 37) . It is expressed in several organs including the inner ear, the thyroid, and the kidney (13, 32) . In the latter, pendrin is expressed in the cortical collecting duct (CCD), specifically at the apical border of type-B intercalated cells (B-IC), which are known to play a major role in regulating acid-base balance by mediating bicarbonate secretion (32) . Recent studies have shown that both HCO 3 Ϫ secretion and Cl Ϫ reabsorption in CCDs are fully abolished in pendrin knockout mice, which strongly suggests that pendrin-mediated transcellular transport in B-ICs is the main pathway for HCO 3 Ϫ secretion and Cl Ϫ reabsorption in CCDs (32) . Genetic studies have pointed out the critical role of the most distal parts of the nephron in regulating salt balance and blood pressure (21) , and there is strong evidence that pendrin-mediated Cl Ϫ transport plays an important role in salt-induced hypertension (24, 33, 40) . Importantly, pendrin disruption has been shown to protect mice against mineralocorticoid-induced hypertension (39) . Moreover it was reported recently that the coupling of pendrin with the Na ϩ -driven Cl Ϫ /HCO 3 Ϫ exchanger (NDCBE/Slc4a8) mediates electroneutral reabsorption of NaCl in the CCD (20) . All these studies indicate that pendrin plays a crucial role not only in acid-base regulation, as previously suggested, but also in renal salt handling and in the pathophysiology of salt-induced hypertension.
Activation of the renal sympathetic nervous system has long been known to play a key role in the development of saltinduced hypertension by increasing renal sodium retention (9) . These effects are thought to occur via several mechanisms, including stimulation of renin release, decreased renal blood flow, and increased tubular sodium reabsorption (9, 15) . However, the precise mechanisms by which the sympathetic nervous system modulates renal salt reabsorption remain unknown. Because ␤-adrenergic receptors (␤-AR) are present in CCD (23, 38) , mainly in ICs (4), pendrin could be a potential target of ␤-AR stimulation.
In this study, we sought to determine whether the effects of ␤-AR on renal salt handling may be partly mediated by pendrin. We first investigated whether pendrin is regulated by the cAMP/PKA pathway and what may be the underlying mechanisms. We then evaluated whether the ␤-adrenergic agonist isoproterenol activates pendrin and increases NaCl reabsorption in the CCD. Using recombinant cells expressing pendrin, we found that cAMP stimulates pendrin activity by increasing pendrin trafficking to the cell membrane and identified S49 as the amino acid responsible for pendrin regulation by the cAMP/PKA pathway. Ex vivo studies in mouse CCD showed that isoproterenol stimulates apical expression of pendrin and induces NaCl reabsorption.
EXPERIMENTAL PROCEDURES
Cloning of mouse pendrin cDNA. The mouse pendrin coding sequence was subcloned into a pTarget mammalian expression vector as described previously (1) . A myc tag was added to the pendrin N-terminal domain by PCR using Phusion high-fidelity DNA polymerase (Finnzymes) with a forward primer containing a BamH1 site and a myc tag (5=-CCCGGATCCCACCATGGCATCAATGGAGA-AGCTGATCTCAGAGGAGGACCTGGCAGCGCGGGGCGGCA-GGTCGGAGCCG-3=) and a reverse primer containing a Sal1 site (5=-CGCAGTCGACGGTACCCCCGGGAAAGATTCTCAGG-3=). After digestion with BamH1 and Sal1, gel purification, and a subsequent A tailing with Taq polymerase, myc-pendrin was TA subcloned into a pcDNA3.1/V5-His-TOPO mammalian expression vector (Invitrogen). The sequence was verified by sequencing (GATC Biotech).
Site-directed mutagenesis. Serine at positions 49, 53, 55, and 57 and threonine at position 45 were mutated to alanine using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) on the wild-type pendrin-pTarget construct, and mutations were confirmed by sequencing (GATC Biotech).
Cell culture and transfection. We used opossum kidney proximal (OKP) cells, which are kidney epithelial cell lines with the ability to polarize when cultured to confluence and easily transfectable. These cells have been described previously (6) . Cells were cultured at 37°C in a 5% CO 2-95% O2 mix in DMEM (GIBCO, Invitrogen) supplemented with 2 mM glutamine, 10% fetal bovine serum (GIBCO, Invitrogen), penicillin (100 U/ml), and streptomycin (100 g/ml). Cells grown in 60-mm dishes were transfected with 1 g of pendrin cDNA using a Lipofectamine Plus kit (Invitrogen) according to the manufacturer's protocol. Transiently transfected cells were studied 48 h after transfection. OKP cells stably expressing pendrin have been described previously (1) . OKP cells transfected with myc-tagged pendrin were selected by their resistance to G418 (500 g/ml, Invitrogen). Single clones were isolated and placed into the separate wells of a 24-well plate. Cells were grown to confluence sufficient for detection of myc-tagged pendrin by Western blotting and immunostaining. All experiments were performed on the same clone. Empty vector-transfected or nontransfected cells were used as a control. Cells were starved in serum-free medium 24 h before all stimulations.
Intracellular pH measurement. Pendrin activity was assessed based on the rate of variation of intracellular pH (pHi) in response to the generation of transmembrane concentration gradients of Cl Ϫ and OH Ϫ as previously described (1) . Pendrin activity was calculated as the difference between the rates of pHi variations determined in transfected and nontransfected cells in the same experimental series. Briefly, cells grown on glass coverslips were loaded with BCECF (Invitrogen) in Cl Ϫ -free medium, and thereafter switched to a Cl Ϫ -containing medium. Changes in pHi were monitored at excitation wavelengths of 500 and 450 nm, at 37°C, in a FluoroMax3 spectrofluorometer (Jobin Yvon, Horiba). Calibration curves were established using KCl/nigericine. Cl Ϫ -containing solutions consisted of NMDGCl at a concentration of 120 mM, K-gluconate, and mannitol. All solutions contained 1 mM Ca-gluconate, 1 mM Mg-gluconate, and 10 mM HEPES. For Cl Ϫ -free solutions, all Cl Ϫ -containing salts were replaced with gluconate salts. In all experiments, the values measured in nontransfected or empty vector-transfected cells were subtracted from the values measured in pendrin-transfected cells.
Cell surface biotinylation. Cells were placed on ice and rinsed twice with PBS containing 1 mM MgCl2 and 0.1 mM CaCl2 (PBSCa-Mg) at pH 7.4. Cells were then incubated at 4°C for 1 h in a PBS-Ca-Mg solution at pH 8 containing 1 mg/ml NHS-biotin. Biotinylation was stopped by washing three times with ice-cold PBSCa-Mg supplemented with 100 mM glycine. Cells were then washed three times in PBS-Ca-Mg and lysed for 20 min at 4°C in a lysis buffer [150 mM NaCl, 5 mM EDTA, 50 mM Tris/HEPES, pH 7.5; 1% (vol/vol) Triton X-100] containing protease and phosphatase inhibitors (Complete 1697498, PhosSTOP 04906845001 Roche Diagnostics).
Total pendrin expression was determined on 5 g of protein from the total cell extract, and 50 g of cell lysate proteins were incubated with avidin beads (Sigma) overnight at 4°C (according to the manufacturer's protocol). After centrifugation (2,500 g for 5 min) and removal of the supernatant, avidin beads were washed three times with the lysis buffer, twice with a high-salt buffer (500 mM NaCl, 5 mM EDTA, 50 mM Tris, 0.1% Triton X-100, pH 7.5) and once with a no-salt buffer (10 mM Tris, pH 7.5). After denaturation (20 min at 65°C in Laemmli buffer), proteins were subjected to SDS-PAGE and immunoblotting.
Exocytosis. Confluent quiescent OKP cells were rinsed with PBS and exposed to 2 mg/ml sulfo-NHS-acetate (Thermo Scientific) in PBS-Ca-Mg for 2 h at room temperature to saturate NHS-reactive sites on the cell surface. After quenching free sulfo-NHS-acetate for 20 min with 100 mM glycine in PBS-Ca-Mg, cells were incubated at 37°C in the presence or absence of 1 mM 8-(4-chlorophenylthio)-cAMP (8-Cl-cAMP) for 15 min. Cells were then surface-biotinylated and lysed, and the biotinylated fraction was treated as described above.
Immunoblotting. Proteins were resolved in 7.5% SDS-PAGE (Invitrogen) and transferred to nitrocellulose membranes (GE Healthcare). After blocking (5% nonfat milk in TBS 0.1% Tween 20 for 1 h), membranes were incubated overnight with primary antibody, washed three times (TBS 0.1% Tween 20), and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Promega, Madison, WI) 1:10,000 in TBS 0.1% Tween 20. Blots were washed as described above, assayed with ECL using SuperSignal Substrate (Pierce, Rockford, IL), and captured on light-sensitive imaging film (Kodak). The anti-pendrin antibody (used at a dilution of 1:5,000; a gift from Dr. D. Eladari) was a rabbit polyclonal antibody directed against a peptide corresponding to the C-terminal domain of mouse pendrin (amino acids 630 -643). Rabbit anti-phospho Ser/Thr PKA substrate (Cell Signalling) was used at a dilution of 1:500. Rabbit anti-calnexin (Abcam) was used at a dilution of 1:2,000.
Immunoprecipitation. Immunoprecipitation was carried out with mouse anti-myc and mouse anti-flag antibodies (Clontech), followed by affinity purification using protein G-agarose beads (Dynal, Invitrogen) according to the manufacturers' protocols. Antibodies were first incubated with protein G-agarose beads at room temperature for 45 min, washed three times with PBS 0.02% Tween, and then 300 g of cell lysate was added to each sample. After overnight incubation at 4°C, the immunocomplex was washed three times in PBS (Invitrogen). The protein samples were boiled in loading buffer, run on 7.5% SDS-polyacrylamide gels, and probed with the primary antibodies of interest.
Immunofluorescence. OKP cells grown on glass coverslips were treated or not with 1 mM 8-Cl-cAMP diluted in DMEM for 20 min before a 30-min fixation with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). Cells were then washed three times with PBS and permeabilized with 0.2% Triton X-100 for 7 min. After blocking the proteins (DAKO antibody diluent, 30 min), cells were incubated with anti-pendrin (1:400) diluted in the blocking medium for 1 h, washed three times with PBS, and incubated with secondary anti-rabbit FITC-conjugated antibody (1:200, Sigma, St. Louis MO). After three washes with PBS, cells were mounted with Vectashield H1200 (Vector Laboratories) and visualized with appropriate filters for fluorescent microscopy (Carl Zeiss).
CCDs microdissected from CD1 mice or Sprague-Dawley rats were transferred to Superfrost Goldϩ glass slides, rinsed twice with PBS-Ca-Mg, and fixed for 20 min with paraformaldehyde (4% in PBS). Afterward, they were incubated for 20 min at room temperature in 100 mM glycine, rinsed three times in PBS, permeabilized for 30 s with 0.1% Triton in PBS, and rinsed with PBS. After blocking in PBS containing 0.5% BSA and 5% goat serum for 30 min at room temperature, slides were incubated with anti-pendrin antibody (1:400, 1 h at room temperature). After rinsing with PBS-0.05% Tween (once) and PBS (twice), slides were incubated with the secondary anti-rabbit FITC-conjugated antibody (1:500, 1 h at room temperature). After rinsing once with PBS-Tween and twice with PBS, slides were mounted and observed on a confocal microscope (ϫ40, Zeiss observer.Z1, LSM710).
In vitro microperfusion. Studies were performed in CD1 mice (8 wk old). All animal protocols were approved by the review board of the Centre de Recherche des Cordeliers, Paris, France, and experiments were performed under the responsibility of an authorized experimenter (A. Doucet, license 75-699 renewal). CCDs were microdissected from corticomedullary rays and microperfused under symmetrical conditions as described by Burg et al. (5) . The bath and perfusate contained (in mM) 118 NaCl, 23 NaHCO 3, 1.2 MgSO4, 2 K2HPO4, 2 calcium lactate, 1 Na-citrate, 5.5 glucose, 5 alanine, and 12 creatinine, pH 7.4 (bath continuously gassed with 95% O2-5% CO2) at 37°C. Measurements were conducted during the first 90 min of perfusion. Isoproterenol was added in the bath at a final concentration of 10 Ϫ6 M. Collections from four periods of 15 min were performed in which 15-20 nl of fluid were collected. The collection volume was determined under water-saturated mineral oil with calibrated volumetric pipettes. Concentration of Na ϩ and creatinine was determined by HPLC (8) using 11-15 nl of collected fluid, while 2-3 nl were used for measuring Cl Ϫ concentration by microcoulometry (30) . For each collection, the flux of ion X (JX) was calculated per unit length of tubule: Statistics. Values are expressed as means Ϯ SE. Statistical analysis was performed using an unpaired t-test or variance analysis, as appropriate. P Ͻ 0.05 was considered as statistically significant.
RESULTS

Effect of cAMP on pendrin activity and membrane expression.
We first examined the effect of cAMP on pendrin activity, assessed as the rate of Cl Ϫ /OH Ϫ exchange. Pretreatment of OKP cells stably expressing pendrin with 1 mM 8-Cl-cAMP for 20 min increased pendrin activity by Ͼ70% (Fig. 1A) . We previously showed that pendrin activity increases with decreasing extracellular pH (1) . Here, we found that the relative cAMP-induced increase in pendrin activity was similar at different extracellular pH values (Fig. 1B) , indicating that cAMP and pH control pendrin activity by independent pathways.
We next examined whether the increase in pendrin activity induced by cAMP is caused by an increase in the amount of pendrin at the cell surface, as determined by cell surface biotinylation followed by avidin bead precipitation and immunoblotting. 8-Cl-cAMP significantly increased (Ͼ50%) the amount of pendrin at the plasma membrane, whereas it did not change the total amount of pendrin ( Fig. 2A) . In the same blots, the intracellular protein calnexin was not detected at the cell surface, indicating the specificity of biotin labeling for cell surface proteins (Fig. 2A) . The cAMP-induced increase in pendrin density at the cell surface was confirmed by immunostaining of OKP cells (Fig. 2B) .
Pretreatment of cells with latrunculin B disorganized the actin cytoskeleton (data not shown) and fully prevented cAMPinduced increases in pendrin activity and membrane expression (Fig. 3A) . These results demonstrate that activation of pendrin by cAMP stems from decreased endocytosis and/or increased exocytosis of pendrin. Inhibition of endocytosis with dynasore, the cell-permeable inhibitor of dynamin, did not modify the cAMP-induced membrane expression of pendrin (Fig. 3B) . Conversely, when the extent of pendrin exocytosis was mea- sured after blocking of NHS-reactive sites on preexisting membrane proteins with the membrane-impermeant sulfo-NHS-acetate, we observed that the amount of pendrin at the cell surface increased after 15-min incubation at 37°C in the presence but not in the absence of cAMP (Fig. 3C) .
Finally, we evaluated the involvement of PKA in cAMPinduced regulation of pendrin. Pretreatment of OKP cells stably expressing pendrin with a low concentration (1 M) of H89 that specifically inhibits PKA (7) reduced by Ͼ90% the cAMP-induced increase in pendrin cell surface abundance (Fig. 4) . A higher concentration of H89 (10 M) fully abolished the cAMP-induced increase in cell surface abundance and activity of pendrin (not shown).
Effect of cAMP on pendrin phosphorylation. To determine whether cAMP increases the phosphorylation of pendrin, we immunoprecipitated myc-tagged pendrin stably expressed in OKP cells and quantified both pendrin and phosphorylated proteins by Western blotting. Preliminary experiments showed that the anti-myc antibody specifically precipitated pendrin as the myc-tagged pendrin did not precipitate with an anti-flag antibody, and no pendrin was precipitated in mock-transfected cells (not shown). 8-Cl-cAMP significantly increased (5-fold) the fraction of phosphorylated (Ser/Thr) pendrin (Fig. 5) .
We then performed site-directed mutagenesis followed by transient transfection and measurement of pendrin activity to identify the phosphorylation site(s) responsible for cAMP effects. Since pendrin activity is relatively low in transiently transfected cells relative to stably transfected cells, we performed activity measurements at an external pH of 6, which significantly enhanced pendrin activity as described above (Fig. 1B) . In silico analysis (NetPhos 2.0 Server) predicted that the N-terminal domain of mouse pendrin has the highest probability for PKA phosphorylation. In this region, there are four serine (S49, S53, S55, S57)-and one threonine (T45)-linked potential phosphorylation sites. Thus we performed site-directed mutagenesis in which we substituted alanine for serine and threonine and then compared the response of wildtype (WT) and mutated pendrin to 8-Cl-cAMP. We first generated two multiple mutants in which alanine was substituted for S53, S55, and S57 (mutant 1) or for T45 and S49A (mutant 2) (Fig. 6A) . Mutant 1 responded to cAMP in the same manner as the WT pendrin (Fig. 6B) , whereas mutant 2 failed to increase its activity after cAMP treatment (Fig. 6C) . These results strongly suggest that the pendrin PKA phosphorylation site(s) is (are) located on the N-terminal domain of the protein.
To pinpoint which of the two potential PKA phosphorylation sites, T45 or S49, is responsible for the regulation of pendrin activity by cAMP, we next generated the two single mutants, S49A and T45A. The T45A mutation did not alter the effect of 8-Cl-cAMP on pendrin activity whereas the S49A mutation abolished it (Fig. 7A) . Similarly, the 8-Cl-cAMP-induced increase in cell surface pendrin was abolished in the S49A mutant (Fig. 7B) . These results suggest that PKA-dependent phosphorylation of serine 49 at the N-terminal domain of the protein is responsible for its activation by cAMP.
Effect of isoproterenol stimulation on NaCl reabsorption and pendrin localization in native kidney cells. In the kidney, pendrin is specifically expressed in B-ICs which also express ␤-AR (4), receptors that are coupled to the stimulation of adenylyl cyclase. We evaluated the effect of isoproterenol on pendrin expression at the apical cell border and on ion transport in isolated CCDs. Within 15 min, isoproterenol (1 M) modified the intracellular localization of pendrin immunostaining, the labeling of which increased at the apical cell border while diminishing within the cytosol in both rat and mouse CCD (Fig. 8A) . Finally, we determined the effect of isoproterenol on NaCl reabsorption in vitro in microperfused mouse CCDs. Baseline Na ϩ and Cl Ϫ fluxes were negligible, as expected, but isoproterenol induced a significant reabsorption of Na ϩ and Cl Ϫ (Fig. 8B) . Interestingly, the Cl Ϫ flux was significantly higher than the Na ϩ flux in the presence of isoproterenol.
DISCUSSION
This work aimed first to determine whether pendrin activity is regulated by the cAMP/PKA signaling pathway and to identify the underlying mechanisms, and second to assess the impact of this regulation on the handling of NaCl by the collecting duct.
Regarding the first aim, we found that stimulation of the cAMP/PKA pathway in OKP cells stably expressing pendrin increased the amount of pendrin at the cell surface through stimulation of its exocytosis, and increased its transport activity. These effects were associated with the phosphorylation of pendrin and were abolished by mutating the serine 49 located in the intracellular N-terminal domain of pendrin. Although this has not been demonstrated formally, pendrin is likely phosphorylated directly by PKA because serine 49 is predicted with a high probability (0.995) to be a consensus site for PKA phosphorylation. Phosphorylation-dependent regulation of exocytic insertion of channels (16), ion carriers (31, 41) , and ion pumps (11, 19) into the plasma membrane is a widespread mechanism through which cells can rapidly and reversibly modulate the rates of solute and water transport. Altogether, these results strongly suggest that, through activation of PKA, cAMP induces the phosphorylation of pendrin at serine 49, which, in turn, induces the translocation to the plasma membrane of a preexisting intracellular pool of transporters.
Very recently, it was reported that thyroid-stimulating hormone (TSH) increases the phosphorylation of pendrin, its expression at the cell membrane, and its iodine transport activity in PCCL-3 rat thyroid cells. The effect of TSH on the plasma membrane expression of pendrin is mimicked by the PKA activator forskolin and is abolished by H89 (29) . These results are similar to those found in the present study with mouse pendrin. However, apparently at variance with our results, the authors showed that forskolin-induced membrane targeting of human pendrin, expressed in a cell line with no endogenous pendrin, is greatly reduced, but not abolished, by removing the putative PKA phosphorylation site T717 (T717A mutant) (3, 29) . However, it should be stressed that although the protein sequences of human, mouse, and rat pendrin are highly conserved, both rat and mouse pendrin have a nonphosphorylable arginine residue instead of a threonine residue at position 717. Thus the effects of TSH on endogenous pendrin in PCCL-3 cells cannot be accounted for by phosphorylation of T717. Instead, they could be due to the phosphorylation of S49, a residue conserved in the three species. PKA-induced phosphorylation of S49 may possibly also account for the remaining effect of forskolin in the membrane targeting of the T717A mutant of human pendrin.
To assess the potential physiological role of cAMP-dependent regulation of pendrin in the collecting duct, we used the technique of isolated tubule microperfusion, which allows for quantifying in vitro the effect of drugs or hormones on transepithelial fluxes. We found that isoproterenol, an agonist of ␤-adrenergic receptors present in CCDs (4, 23, 38) , increases the membrane expression of pendrin and induces a net reabsorption of NaCl. This confirms previous results showing that isoproterenol increases Cl Ϫ reabsorption (17) and is consistent with its effect on HCO 3 Ϫ secretion (12, 36) . Isoproterenol not only activates the canonical cAMP/PKA pathway but also triggers calcium signaling (23) and activates ERK phosphorylation in CCDs (18) . Although we did not analyze the signaling pathway underlying isoproterenol-induced stimulation of NaCl transport, several pieces of evidence suggest the involvement of cAMP/PKA: 1) the effect of isoproterenol on pendrin trafficking to the apical membrane of CCD cells is similar to the effect of cAMP/PKA on the in vitro OKP cell model; and 2) isoproterenol (12, 36) and cAMP (34) both stimulate HCO 3 Ϫ secretion in CCDs.
Our finding that isoproterenol increases not only the reabsorption of Cl Ϫ but also that of Na ϩ in the CCD suggests that this segment participates in the adrenergic-dependent Na ϩ retention (9) . It is well established that blood pressure is not determined by the balance of Na ϩ but by that of NaCl (14, 33, 40) , which seems logical since Cl Ϫ is the main anion associated with Na ϩ in extracellular compartments. The stimulatory effect of isoproterenol on the reabsorption of both Na ϩ and Cl Ϫ in the CCD may therefore be one of the ways in which the sympathetic nervous system induces the development of saltinduced hypertension. Recently, it was shown that isoproterenol also participates in the regulation of blood pressure by increasing the activity of the Na ϩ -Cl Ϫ cotransporter NCC (Slc12a3) in the distal convoluted tubule (25) , the other segment of the distal nephron that performs NaCl reabsorption. Na ϩ and Cl Ϫ enter B-ICs at the apical side via the coupling between the Cl Ϫ /HCO 3 Ϫ exchanger pendrin and the Na ϩ -dependent Na ϩ ,2HCO 3 Ϫ /Cl Ϫ exchanger NDBCE (Slc4a8). Cl Ϫ exits at the basolateral membrane via Cl Ϫ channels, but the mechanism of basolateral Na ϩ exit and the motor that energizes the whole process have not yet been elucidated. Because all these transport systems are functionally coupled, changing the activity of any of them indirectly alters that of all others, making it difficult to pinpoint the primary molecular target(s) of regulations. Our finding that isoproterenol stimulates the expression of pendrin at the apical border of B-ICs demonstrates that pendrin is one of the cAMP/PKA primary targets. Furthermore, our observation that isoproterenol induced a Cl Ϫ flux twofold higher than the Na ϩ flux suggests that beyond apical pendrin, the basolateral Cl Ϫ channel might be another target of cAMP/PKA whereas NDBCE and the unknown basolateral Na ϩ exit system are unlikely direct targets. However, CLC-K 2 , the most likely basolateral Cl Ϫ channel in mouse B-ICs (26), is not sensitive to cAMP/PKA under normal conditions (22) . In the medullary thick ascending limb of Henle's loop, it has been reported that CLC-K 2 is directly stimulated by cAMP/PKA when intracellular Cl Ϫ concentration is low (in the 2 mM range) (31) . Intracellular Cl Ϫ concentration at rest in B-ICs is in the 10 mM range (2) and is expected to increase upon PKA-mediated stimulation of pendrin. Thus it seems unlikely that direct activation of basolateral Cl Ϫ channels by isoproterenol contributes to increased NaCl reabsorption. The direct stimulation of pendrin by cAMP/PKA may also account for the previous findings that isoproterenol increases HCO 3 Ϫ secretion (34) and Cl Ϫ reabsorption (17), reduces the pH i of B-ICs (36) , and increases Cl Ϫ currents in a rabbit intercalated cell line (10) . It remains possible, however, that the basolateral H ϩ -ATPase, which energizes electroneutral reabsorption of Cl Ϫ in mouse CCD (27) , is another primary target of isoproterenol. Altogether, our results demonstrate that pendrin is a central target of isoproterenol-mediated regulation of ion transport in B-ICs.
In conclusion, this study shows for the first time that pendrin is phosphorylated at serine 49 via activation of cAMP-dependent protein kinase, which subsequently increases its trafficking to the plasma membrane and its transport activity. This regulation underlies isoproterenol-induced stimulation of NaCl reabsorption in the kidney collecting duct, a mechanism likely involved in the sodium-retaining effect of ␤-adrenergic agonists. 
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